The ATM protein kinase is the product of the gene responsible for the pleiotropic recessive disorder ataxiatelangiectasia. ATM-de®cient cells show enhanced sensitivity and greatly reduced responses to genotoxic agents that generate DNA double strand breaks (DSBs), such as ionizing radiation and radiomimetic chemicals, but exhibit normal responses to DNA adducts and base modi®cations induced by other agents. Therefore, DSBs are most likely the predominant signal for the activation of ATM-mediated pathways. Identi®cation of the ATM gene triggered extensive research aimed at elucidating the numerous functions of its large multifaceted protein product. While ATM has both nuclear and cytoplasmic functions, this review will focus on its roles in the nucleus where it plays a central role in the very early stages of damage detection and serves as a master controller of cellular responses to DSBs. By activating key regulators of multiple signal transduction pathways, ATM mediates the ecient induction of a signaling network responsible for repair of the damage, and for cellular recovery and survival.
Introduction
Damage to cellular DNA evokes a wide range of acute cellular responses that ultimately lead to delay of cell cycle progression, stimulation of DNA repair, and alteration in the expression of genes necessary for the cell's recovery and survival. Depending on the cell type and extent of damage, pathways leading to programmed cell death may be activated (reviewed by Holbrook et al., 1996; Wang, 1998) .
A prominent type of DNA damage, DNA strand breaks, is generated by a variety of genotoxic agents, including ionizing radiation (IR), radiomimetic agents, and inhibitors of topoisomerases (Friedberg et al., 1995) . Cells derived from patients with the autosomal genetic disorder ataxia-telangiectasia (A-T) are extremely sensitive to these genotoxic agents, and are impaired in the activation of several signal transduction pathways that mediate the responses to this type of genotoxic stress (reviewed by Lavin, 1998) .
A-T is characterized by progressive cerebellar ataxia, oculocutaneous telangiectasia, immunode®ciency, hypogonadism, premature aging, predisposition to lymphoreticular malignancies, and extreme sensitivity to ionizing radiation (see Crawford, 1998; Lavin and Shiloh, 1997 for recent reviews). The gene responsible for this pleiotropic phenotype, ATM, is inactivated in the majority of A-T patients by mutations that are expected to truncate its protein product or inactivate it. Disruption of the corresponding gene in the mouse creates a phenotype that re¯ects most of the features of A-T (for recent reviews see Rotman and Shiloh, 1998) .
This review is intended to summarize recent data on the functions of the protein product of the ATM gene, with special emphasis on its role in cellular responses to DNA damage.
The ATM protein
The product of the ATM gene is a ubiquitously expressed 370 kDa phosphoprotein. Cellular localization of ATM is variable: it resides primarily in the nucleus of proliferating cells, with smaller amounts detected in microsomal fractions (reviewed by Lavin, 1998; Rotman and Shiloh, 1998) . However, a prominent cytoplasmic fraction was noticed in oocytes (Barlow et al., 1998) and in dierentiated cells such as cerebellar neurons (Oka and Takashima, 1998; Fang et al., 1999) .
ATM contains 3056 amino acids, with a distinct carboxy terminal region which shows high similarity to the catalytic domain of phosphatidyl inositol 3-kinases . This homology places ATM within a family of large proteins identi®ed in various organisms, all of which contain a PI-3 kinase-related domain. These proteins are involved to dierent extents in cell cycle progression, cellular responses to DNA damage, and maintenance of genomic integrity (reviewed by Hoekstra, 1997) . Despite the resemblance to lipid kinases, members of this family, including ATM, were found to possess a serine/threonine protein kinase activity which is wortmannin sensitive (Brunn et al., 1996; Banin et al., 1998; Sarkaria et al., 1998) .
An extensively characterized protein in this group is the catalytic subunit of the DNA-dependent protein kinase (DNA-PKcs), which is activated in vitro by DNA ends, and is involved in the processing of double strand breaks (reviewed by Jeggo, 1997; Jin et al., 1997a) . The mammalian family member most closely related to ATM is the ATR/FRP1 protein; like its homologs in yeast (Rad3 of S. pombe and Mec1 of S. cerevisiae), it mediates cellular responses to unreplicated or damaged DNA (Cliby et al., 1998; Wright et al., 1998) .
Functions of ATM
Many signaling pathways are activated by DNA damage. Some of them respond speci®cally to double strand breaks (DSBs), the major damage caused by IR, and others are activated by base modi®cations, such as those created by alkylating agents or UV light (Liu et al., 1996b; Rhys and Bohr, 1996) . The induction of a wide range of cellular responses to DSBs depends on a functional ATM (Lavin, 1998; Rotman and Shiloh, 1998) . However, it is noteworthy that in ATM-de®cient cells, most of these responses are attenuated or delayed rather than completely abolished. These observations indicate that the ATM kinase is necessary primarily for the immediate response to damage in¯iction, while other enzymes probably induce the same pathways at later stages (see below, reviewed by Rotman and Shiloh, 1998) . This idea is supported by the rapid enhancement of ATM's kinase activity following treatment with agents that generate DSBs, such as IR, radiomimetic agents, and topoisomerase inhibitors (Banin et al., 1998; S Banin et al. unpublished) . ATM appears to be neither activated by nor involved in the cellular response to other types of DNA damaging agents to which A-T cells are not sensitive, such as alkylating agents or UV reviewed by Lavin, 1998) .
A number of target molecules for ATM have been identi®ed which link this protein kinase to various signaling pathways evoked by DSBs. The physiological signi®cance of these ®ndings is discussed below.
Activation of cell cycle checkpoints
DNA damage activates cell cycle checkpoints that delay progression through the cell cycle, thus providing time for damage repair prior to the critical events of DNA replication at S phase, or chromosome segregation at mitosis. Checkpoints are activated at three stages in the cell cycle: the G1/S transition, S phase progression, and the G2/M boundary (Elledge, 1996; Kaufmann and Paules, 1996; Bentley and Carr, 1997; Paulovich et al., 1997) . A-T cells exhibit defective induction of all checkpoints in response to DSBs . Extensive studies have recently clari®ed the role of ATM in checkpoint activation.
The G1/S checkpoint and p53 protein
The G1/S checkpoint in mammalian cells is dependent on the p53 tumor suppressor. Following DNA damage, the activity of this transcription factor is enhanced and its level rises considerably, mainly due to its stabilization. p53 exerts its eect on the G1/S transition primarily by transcriptional induction of p21, an inhibitor of cylin-dependent kinases that control entry to S phase (reviewed by Levine, 1997; Agarwal et al., 1998) .
ATM-de®cient cells exposed to IR or radiomimetic drugs do not arrest at the G1/S checkpoint, and show delayed accumulation of p53, leading to suboptimal and retarded induction of downstream genes. The activation of this checkpoint and of p53 in response to UV or MMS is pro®cient in A-T cells (Khanna and Lavin, 1993; Canman et al., 1994; Khanna et al., 1995; Artuso et al., 1995) .
The activation and stabilization of p53 follow a series of post-translational modi®cations of this molecule, which appear upon genotoxic stress and include phosphorylation, dephosphorylation and acetylation of various residues. Some of these modifications are unique to speci®c types of DNA damage, while others are common to most of them (reviewed by Giaccia and Kastan, 1998; Meek, 1998) . Among p53 modi®cations induced by IR are phosphorylation of Ser-15 and Ser-20 (Siliciano et al., 1997; Shieh et al., 1997 Shieh et al., , 1999 , dephosphorylation of Ser-376 (Waterman et al., 1998) , and acetylation of Lys-382 .
ATM plays a central role in the signaling pathways leading to p53 modi®cations in response to DSBs, but is not involved in those induced by bulky DNA lesions. ATM binds p53 in vivo, and directly phosphorylates it on Ser-15 in vitro (Banin et al., 1998; Khanna et al., 1998) . The rapid de novo phosphorylation of Ser-15 in response to IR or DSBs, but not to UV, is ATM-dependent (Siliciano et al., 1997; Nakagawa et al., 1999) . It seems plausible, therefore, that Ser-15 of p53 is a physiological target of ATM. The role of Ser-15 phosphorylation in vivo is not clear, however, since it is dispensable for IR-induced p53 activation and stabilization (Blattner et al., 1999; Chehab et al., submitted; Khosravi et al., submitted) .
Certain IR-induced modi®cations of p53 seem to play a role in the activation of its transcriptional activity: ATM is required for dephosphorylation of Ser-376, which creates a binding site for 14-3-3 proteins. The association of p53 with 14-3-3, in turn, increases the anity of p53 for its sequence-speci®c DNA (Waterman et al., 1998) . Acetylation of Lys-382 of p53 by the CBP/p300 acetyltransferase, a transcriptional activator, is regulated by N-terminal phosphorylation . A role was recently proposed for Ser-15 phosphorylation in recruiting CBP/p300 (Lambert et al., 1998) .
An important mediator of p53 degradation is the Mdm2 oncoprotein. It binds to the N-terminus of p53, represses its activities, mediates its nuclear export, and targets it to proteasome-mediated degradation. The Mdm2 gene is positively regulated by p53, thereby creating a negative feedback loop (reviewed by Momand and Zambetti, 1997; Piette et al., 1997a) . Ser-20 of p53, a target for IR-induced phosphorylation , was recently implicated in the interaction of p53 with Mdm2. Substitution of this residue rendered p53 less stable and more prone to Mdm2 mediated degradation (Unger et al., 1999) , and abolished the induction of p53 protein levels in response to IR (Chehab et al., submitted) . Phosphorylation of Ser-20 (but not of Ser-15) in p53-derived peptides compromised their interaction with Mdm2 (Unger et al., 1999; Chehab et al., submitted) . The IRinduced phosphorylation of Ser-20 is ATM-dependent (Chehab et al., submitted), but this serine residue is not likely to be directly targeted by ATM, since in vitro ATM only phosphorylates Ser-15 (Banin et al., 1998; .
Mdm2 is itself a target of damage-induced phosphorylation. Following exposure to IR or radiomimetic drugs, but not UV, Mdm2 is rapidly phosphorylated in an ATM-dependent manner. Furthermore, Mdm2 is directly phosphorylated by ATM in vitro on at least two sites (Khosravi et al., submitted). These ®ndings suggest that in response to DSBs, ATM simultaneously targets both components of the p53-Mdm2 complex, perhaps in order to achieve a rapid and maximal induction of the p53 response.
Both p53 and Mdm2 are in vitro substrates of two other ATM-related kinases: DNA-PK (Lees-Miller, 1992; Mayo et al., 1997) and ATR (Tibbets et al., 1999; Rotman, unpublished) . The speci®cities of these kinases partially overlap, since ATM phosphorylates Ser-15 of p53 (Banin et al., 1998; , whereas ATR and DNA-PK modify Serine-15 and Serine-37 (Lees-Miller, 1992; Tibbets et al., 1999) .
It should be emphasized that the induction of Ser-15 phosphorylation and p53 accumulation in A-T cells are delayed but not completely abolished. In addition, these cells have a normal p53 response to the bulky lesions caused by UV or alkylating agents (reviewed in Lavin, 1998) . These observations indicate that ATM is not the only protein kinase that induces the p53 response to genotoxic stress. Indeed, ATR appears to mediate the late steady-state phase of Ser-15 phosphorylation, whereas ATM most likely mediates the early inductive phase of this response (Tibbets et al., 1999) . In addition, unlike ATM, ATR is involved in Ser-15 phosphorylation at both early and late stages of the UV response (Tibbets et al., 1999) .
Although DNA-PK also phosphorylates p53 in vitro, the p53 accumulation and pattern of phosphorylation, as well as activation of the G1/S checkpoint in response to IR, are unperturbed in DNA-PK deficient cells (Gurley and Kemp, 1996; Huang et al., 1996; Fried et al., 1996; Rathmell et al., 1997; Burma et al., 1999) . Hence, it appears that p53 activation in vivo is not dependent on DNA-PK. In vitro phosphorylation of Mdm2 by DNA-PK blocks its ability to associate with p53 and regulate p53 transactivation (Mayo et al., 1997) . However, similar to p53, IR-induced phosphorylation of Mdm2 does not depend on DNA-PK (Khosravi et al., submitted).
G2/M checkpoint
The induction of the G2/M checkpoint, which delays the onset of mitosis in the presence of damaged or unreplicated DNA, requires inhibitory tyrosine phosphorylation of the cyclin-dependent kinase Cdc2. The Cdc25C phosphatase activates Cdc2 by dephosphorylation, and is targeted by the main players in this checkpoint pathway, which prevent it from activating the Cdc2/cyclinB complex. These signaling pathways were elucidated mainly in ®ssion yeast, and are highly conserved in mammalian cells (reviewed by Rhind and Russell, 1998a; Russell, 1998) . Inactivation of Cdc25C is mediated by two protein kinases, Chk1 and Chk2 (HuCds1), which are phosphorylated and activated in response to DNA damage. Chk2 also responds to replication blocks such as those caused by treatment with hydroxyurea (HU) (Sanchez et al., 1997; Matsuoka et al., 1998; Blasina et al., 1999; Brown et al., 1999; Chaturvedi et al., 1999) .
It is not clear how Chk1 and Chk2 downregulate Cdc25C. Blasina et al. (1999) reported that both these kinases directly phosphorylate and inactivate Cdc25C in vitro. However, an alternative explanation suggests that in vivo phosphorylation of Cdc25C on Ser-216, the site phosphorylated by Chk1 and Chk2 in vitro (Sanchez et al., 1997; Matsuoka et al., 1998; Brown et al., 1999) , promotes Cdc25C binding to 14-3-3 proteins, leading to its export from the nucleus and sequestration in the cytoplasm. This would result in the inability of this phosphatase to activate the nuclear Cdc2/cyclinB complex (reviewed by Nurse, 1997; Pines, 1999) .
A-T cells in G2 at the time of irradiation fail to delay their entry to mitosis, but when irradiated at other phases of the cell cycle they arrest irreversibly at G2/M, most likely due to accumulation of unrepaired damage Scott et al., 1994) . In keeping with a defect in the G2 delay, A-T cells do not exhibit a reduction in the activities of the Cdc2 kinase and the Cdc25C phosphatase, shortly after irradiation (Paules et al., 1995; Beamish et al., 1996; Blasina et al., 1999) . Accordingly, the rapid modi®cation and activation of Chk2 in response to IR and other DSBs generating agents, but not to UV or HU, is also dependent on ATM (Matsuoka et al., 1998; Brown et al., 1999; Chaturvedi et al., 1999; Uziel, unpublished) . The recent ®nding that Chk2 is an in vitro substrate of ATM (Rotman, unpublished) suggests this checkpoint kinase is directly targeted by ATM. The IR-induced modification of Chk1 also occurs in an ATM-dependent manner, but Chk1 does not appear to be a direct target of ATM (Lee; Khanna, personal communications).
Phosphorylation of Chk2 does occur in A-T cells at later time points or upon higher doses of IR or radiomimetic drugs (Matsuoka et al., 1998; Brown et al., 1999; Uziel, unpublished) . This suggests that in analogy to the induction of p53, ATM is required for the immediate activation of Chk2 upon in¯iction of DSBs, while other kinases such as ATR might be involved at later stages of this response, and/or in response to other types of genotoxic agents. Of relevance to this idea is the ability of ATR to phosphorylate Chk2 in vitro (Rotman, unpublished).
The S phase checkpoint
The DNA-damage checkpoint activated within S phase is manifested as a transient reduction in the rate of DNA synthesis. This inhibition re¯ects regulation at the level of replicon initiation (Larner et al., 1994) , and most likely allows repair of the damage before the lesions are permanently ®xed by DNA replication into irreparable chromosomal breaks.
The molecular mechanisms that signal the presence of DNA damage to the DNA replication machinery remain unclear. However, ATM should play a central role in this pathway, since A-T cells display relative resistance to radiation-induced inhibition of DNA replication, a phenomenon termed`radioresistant DNA synthesis' (RDS) (Houldsworth and Lavin, 1980; Painter and Young, 1980) . Rapid inhibition of DNA synthesis within S phase is correlated with downregulation of cyclinA/Cdk2 activity, and both take place in an ATM-dependent, p53/p21-independent manner (Beamish et al., 1996; D'Anna et al., 1997; Xie et al, 1998) . The molecular events that link ATM to inhibition of cyclinA/Cdk2 activity are not clear.
In ®ssion and budding yeasts, the homologs of ATM (Rad3 and MEC1) and Chk2 (Cds1 and RAD53) are required for the S phase DNA damage checkpoint (Paulovich and Hartwell, 1995; Rhind and Russell, 1998b; Lindsay et al., 1998) . RAD53 might exert its control of S phase progression by blocking the ®ring from late replication origins (Shirahige et al, 1998; Santocanale and Diey, 1998) .
Increased levels of phosphotyrosine in both Cdc2 and Cdk2 were detected in irradiated cells (D'Anna et al., 1997) . It is possible that Chk2 is involved in the inhibition of all three Cdc25 phosphatases (A, B and C), the key regulators of CDK tyrosine phosphorylation (Matsuoka et al., 1998) . This would result in downregulation of Cdc2 and Cdk2 by maintenance of inhibitory tyrosine phosphorylation, thereby activating the G2/M and S phase checkpoints. Thus, in analogy to yeast, the checkpoint kinase Chk2 might be a transducer of ATM-dependent activation of the S phase checkpoint.
An additional potential eector of the S phase checkpoint is the replication protein A (RPA), a highly conserved heterotrimeric complex with high anity to single stranded DNA. RPA is required for DNA replication, recombination, and repair, and was found to interact with several proteins involved in DNA metabolism (reviewed by Wold, 1997) . The 34 kDa RPA subunit, RPA2, is phosphorylated by Cdc2 on Ser-23 and Ser-29 during S and G2 phases of the cell cycle. In response to DNA damage, RPA2 is further phosphorylated on additional sites within the Nterminus (Zernik-Kobak et al., 1997) . Although this N-terminal domain is not absolutely required for ssDNA binding or DNA replication, its phosphorylation aects the structure of the RPA complex, and probably regulates RPA function by modulating protein ± protein interactions (Braun et al., submitted).
In the budding yeast, certain mutants of the large RPA subunit (RPA1) are defective in the S phase checkpoint (Longhese et al., 1996) . In this organism, the phosphorylation of RPA2 requires functional MEC1, an ATM homolog (Brush et al., 1996) . In mammalian cells, both DNA-PK and ATM were implicated in DNA-damage induced phosphorylation of RPA2. In vitro, DNA-PK phosphorylates RPA2 on the same sites that are targeted in vivo upon DNA damage (Thr-21 and Ser-33) (Niu et al., 1997; ZernikKobak et al., 1997) . Cellular extracts immunodepleted for DNA-PK were unable to phosphorylate RPA2, although this immunodepletion had no eect on the extent of DNA replication in vitro (Brush et al., 1994) . In vivo studies on the requirement of DNA-PK in the IR-induced phosphorylation of RPA2 have reported a delayed response in SCID cells (Boubnov and Weaver, 1995) , but normal kinetics in DNA-PKcs-de®cient cells (Fried et al., 1996) . These con¯icting results raise questions about the physiological role of DNA-PK in RPA2 phosphorylation.
Several observations point to RPA2 as a direct target of ATM. IR-induced hyperphosphorylation of RPA2 is considerably reduced and delayed in A-T cells, but its kinetics is normal in response to UV (Liu and Weaver, 1993; Cheng et al., 1996) . Furthermore, phosphopeptide analysis indicates that in vitro ATM phosphorylates RPA2 on similar residues as those targeted in vivo (Gately et al., 1998) . The delayed RPA2 phosphorylation observed in ATM-de®cient cells might be mediated by DNA-PK or another ATM-related kinase, such as ATR.
The contribution of IR-induced RPA2 phosphorylation to the S phase checkpoint is not clear. Overexpression of the kinase domain of ATM in A-T cells corrected the RDS defect, but failed to complement the hyperphosphorylation of RPA2 (Morgan and Kastan, 1997). These observations suggest that hyperphosphorylation of RPA may not be essential for activating the S phase checkpoint. Other observations support this idea: inhibition of DNA synthesis can be activated with low doses of IR and occurs immediately after exposure to radiation, whereas RPA2 hyperphosphorylation is not detected until 1 ± 2 h post-irradiation, and only in response to high doses.
Stress responses
Exposure of cells to genotoxic agents stimulates several stress signaling pathways, some of which activate transcription factors, such as AP-1 and NF-kB (reviewed by Herrlich et al., 1997) . By activating the expression of speci®c genes, these transcription factors play a key role in the cellular response to these insults (Liu et al., 1996a) . Recent data indicate that ATM might be involved in some of these pathways.
Responses mediated by JNK and c-Abl
Activation of AP-1 is mediated by a family of stressactivated protein kinases named c-jun N-terminal kinases (JNKs), which constitute a subgroup of MAPKs that are activated by a variety of cellular stresses, including DNA damage. AP-1 transcriptional activity is stimulated by JNK phosphorylation of c-jun, a component of AP-1 (reviewed by Karin, 1995; Paul et al., 1997) .
Activation of the JNK signaling pathway by IR is defective in A-T cells, but its response to UV or to inhibitors of protein synthesis remains intact . Accordingly, IR-induced phosphorylation of c-jun and enhancement of AP-1 DNA binding activity are abrogated in A-T cells (Lee et al., 1998a) . The activation of JNK by IR appears to take place exclusively in the nucleus (Lee et al., 1998a) , whereas UV induction of JNK can be elicited in nucleus-free cytoplasts and is triggered primarily by membraneassociated signaling proteins (reviewed by Tyrrell, 1996; Herrlich et al., 1997) .
The signaling steps leading from ATM to JNK are not clear, but they could involve the action of c-Abl. This nuclear tyrosine kinase is stimulated by IR and certain other DNA damaging agents, but not UV (reviewed by Kharbanda et al., 1998; Van Etten, 1999) . This response takes place only in S phase (Liu et al., 1996b) . The activation of JNK after IR or exposure to alkylating agents appears to be mediated by c-Abl , but is not entirely dependent on it (Liu et al., 1996b) . Thus, c-Abl might be an upstream eector of the JNK pathway in response to certain genotoxins in proliferating cells (reviewed in Kharbanda et al., 1998; Van Etten, 1999) . In addition, c-Abl could act as a positive regulator of p53 by relieving the inhibitory eect of Mdm2 .
ATM is required for the ecient activation of c-Abl by IR (Shafman et al., 1997; Baskaran et al., 1997) . The SH3 domain of c-Abl interacts with a proline-rich motif in ATM (Shafman et al., 1997) , and the ATMkinase domain was shown in vitro to phosphorylate cAbl on Ser-465 (Baskaran et al., 1997) . ATM is also required for c-Abl-mediated assembly of the Rad51 repair protein complex following IR . In this process, c-Abl directly phosphorylates Rad51, resulting in an enhanced association between Rad51 and Rad52 , that may lead to increased repair pro®ciency (Kanaar et al., 1998) .
DNA-PK was also implicated in the response of cAbl to DNA damage (reviewed by Kharbanda et al., 1998) . These two proteins were found to coprecipitate, and their association was increased by exposure to IR . In vitro, DNA-PK phosphorylates and activates c-Abl. Accordingly, IR-induced activation of c-Abl is diminished in DNA-PK 7/7 cells Jin et al., 1997b) . In a potential feedback mechanism, c-Abl phosphorylates and downregulates DNA-PK in vitro, by inhibiting its ability to associate with DNA Jin et al., 1997b) . Taken together, these results suggest functional interactions between c-Abl and DNA-PK.
Induction of NF-kB
NF-kB is a central regulator of various stressresponsive genes. This inducible transcription factor is retained in the cytoplasm in an inactive form, bound to a member of a family of inhibitor proteins known as IkB. The best characterized IkB protein is IkB-a, which interacts with NF-kB and masks its nuclear localization signal. Activating signals, such as phorbol ester or proin¯ammatory cytokines, cause rapid activation of the IkB-kinase complex (IKK), which carries out the phosphorylation of IkB-a at Ser-32 and Ser-36. This phosphorylation leads to polyubiquitination of IkB-a and subsequent degradation. NF-kB is then free to translocate into the nucleus and active its target genes, which are involved primarily in acute phase response (reviewed by Maniatis, 1997; Stancovski and Baltimore, 1997; Verma and Stevenson, 1997; Ghosh et al., 1998) .
The NF-kB pathway can be activated also by UV and IR, although to a lesser extent than cytokines such as TNF. Both types of radiation cause only partial and slow degradation of IkB-a. Accordingly, the induction of NF-kB activity is considerably slower and weaker than that elicited by TNF (Li and Karin, 1998) . However, unlike IR which induces NF-kB bỳ classical' activation of IKK and phosphorylation of IkB-a on Ser-32 and Ser-36 (Li and Karin, 1998) , UV radiation leads to ubiquitin-mediated proteasomal degradation of IkB-a via an unknown mechanism which does not involve activation of IKK or phosphorylation of these serine residues of IkB-a (Li and Karin, 1998; Bender et al., 1998) . Similarly to AP-1, NF-kB induction by UV appears to be initiated at the plasma membrane, but there is also evidence that nuclear events contribute to this response (reviewed by Tyrrell, 1996; Piette et al., 1997b; Herrlich, 1997) .
Reactive oxygen intermediates (ROIs) have been implicated in the activation of NF-kB by IR and other inducers of this transcription factor (reviewed by Piette et al., 1997b) . However, DSBs generated by IR might play an important role in triggering the NF-kB response, since a variety of genotoxins and treatments that cause DSBs were found to activate NF-kB (Piret and Piette, 1996) . Among these are radiomimetic drugs and inhibitors of topoisomerase I and II (Piret and Piette, 1996) . These ®ndings suggest that signaling events initiated at the nucleus are somehow transmitted to the cytoplasm, leading to degradation of IkB-a (reviewed by Piette et al., 1997b) .
A functional ATM is required for the degradation of IkB-a and subsequent activation of NF-kB following exposure to IR, radiomimetic drugs and topoisomerase inhibitors, but not TNF-a (Lee et al., 1998b; Piret et al., 1999) . The pathway leading from ATM to IkB-a degradation is not known, but it should involve the transduction of a signal generated in the nucleus to the IKK complex in the cytoplasm.
IkB-a is phosphorylated by ATM in vitro primarily on its carboxy-terminus (Jung et al., 1997a) . DNA-PK phosphorylates both the amino-and carboxy-termini of IkB-a and IkB-b (Liu et al., 1998; Basu et al., 1998) . However, the physiological signi®cance of these observations is not entirely clear. Phosphorylation of IkB-a by DNA-PK in vitro enhanced its ability to associate with NF-kB and inhibit NF-kB DNA binding properties (Liu et al., 1998) , suggesting a role for DNA-PK in downregulation of NF-kB activity. In vivo studies of the NF-kB response to DNA damage in DNA-PK-de®cient cells yielded con¯icting results. The induction by IR of the NF-kB pathway was abrogated in these cells (Basu et al., 1998) , whereas normal induction was observed in response to campothecin, a topoisomerase I inhibitor which generates DSBs (Piret et al., 1999) . This discrepancy might re¯ect dierences in the degree and/or type of damage caused by the dierent treatments.
DSB repair and chromatin alterations
Upon exposure to IR, A-T cells sustain similar initial amounts of DSBs as do normal cells, but higher levels of chromosome damage (Cornforth and Bedford, 1985; Pandita and Hittelman, 1992a) . Early studies did not demonstrate a clear de®ciency in the repair of DSBs in A-T cells. However, recent studies reported a small but reproducible residual fraction of unrepaired DSBs in these cells (reviewed in Lavin, 1998) . A closer look at the kinetics of DSB rejoining reveals a dierence between A-T and normal cells in the fast but not the slow component of DSB repair Hittelman, 1992b, 1995; Kysela et al., 1995) . This fast component might represent preferential repair that takes place at active regions of the genome, such as those undergoing replication or transcription. Pandita and Hittelman (1992a,b) proposed that the subtle de®ciency in DSB rejoining in A-T cells might re¯ect a dierence in the chromatin organization of genomic regions undergoing repair. Indeed, several lines of evidence support a role for ATM in organization and/or damage-induced alterations of chromatin: (a) ATM was found in association with chromatin and nuclear matrix (Gately et al., 1998); Dierences were detected between A-T and normal cells in the DNA supercoiling response to IR (Taylor et al., 1991) and (c) A-T cells have a higher frequency of chromosomal breaks immediately after irradiation, pointing perhaps to an increased fragility of their chromosomes (Pandita and Hittelman, 1992a,b) .
Furthermore, ATM was recently shown to mediate the IR-induced transient dephosphorylation of histone H1 (Guo et al., 1999) , which is thought to contribute to chromatin decondensation (reviewed by Roth and Allis, 1992) . This pathway, which involves inhibition of CDKs (H1 kinases) and activation of unkown H1 phosphatase(s), was abrogated in A-T cells (Guo et al., 1999) . Treatment of normal cells with wortmannin prior to irradiation completely blocked this response (Guo et al., 1999) , suggesting that other wortmanninsensitive kinases, such as DNA-PK and ATR, might also play a role in IR-induced histone H1 dephosphorylation.
Accelerated telomere shortening, and high frequency of telomeric fusions in A-T cells Metcalfe et al., 1996; Xia et al., 1996) indicate an important role for ATM in telomere metabolism. Alterations in the nucleosomal periodicity of telomere chromatin and in its interaction with the nuclear matrix were recently observed in A-T cells (Smilenov et al., 1999) . These alterations are not seen in the bulk chromatin. However, while the major portion of telomeric chromatin is attached to the nuclear matrix, only a small fraction of bulk chromatin is associated with it, re¯ecting active genomic regions undergoing transcription, replication or repair (reviewed by Smerdon and Conconi, 1996; Schwartz, 1998) . It is possible that ATM mediates changes in chromatin structure and association with the nuclear matrix that modulate DSB repair.
Interestingly, two new members of the ATM family, the PAF400/TRRAP (McMahon et al., 1998; and its yeast homolog Tra1. (Grant et al., 1998) , are components of various multiprotein complexes that carry out acetylation of histones and play an important role in transcriptional activation (Struhl, 1998) . These large proteins lack kinase motifs and activity. Size fractionation studies indicate that both ATM and ATR are also found in large protein complexes of about 1 ± 2 million daltons (Wright et al., 1998; Shalev, unpublished) . Similar unpublished ®ndings were mentioned by Chen and Lee (1996) and Gately et al. (1998) . Thus, members of the ATM family may serve as scaolds in the assembly of multiprotein complexes which interact with active chromatin regions and facilitate transcription (TRRAP and Tra1) or DNA maintenance and repair (ATM, ATR and DNA-PK).
ATM appears to participate in the activation of at least two distinct DSB repair mechanisms mediated by the RAD50 and the RAD52 complexes. The RAD52 complex performs homologous recombinational repair (reviewed by Kanaar et al., 1998) . As mentioned above, exposure to IR induces an increased association of RAD51 and RAD52, which is mediated through RAD51 phosphorylation by c-Abl in an ATMdependent manner . The RAD50 complex carries out illegitimate or nonhomologous end-joining repair (Kanaar et al., 1998) . ATM has been implicated in the IR-induced recruitment of the components of this complex: Mre11, RAD50 and NBS1 to sites of DSBs (Maser et al., 1997; Lee, personal communication) . NBS1 is the product of the gene mutated in Nijmegen breakage syndrome, whose cellular phenotype exhibits striking similarities to A-T (reviewed by Shiloh 1997; Featherson and Jackson, 1998) . This protein is rapidly phosphorylated following IR in an ATM-dependent manner (Lee, personal communication) . The detection of defective illegitimate recombinational repair of DSBs in A-T cells is in agreement with these observations (Dar et al., 1997) .
ATM and radiosensitivity
Since the discovery of increased sensitivity of A-T cells to the cytotoxic eect of IR, the underlying cause of this cellular hallmark of A-T has been a major focus of interest. DSBs are the critical lesion responsible for the lethality associated with IR (Iliakis, 1991) . Initial explanations for A-T radiosensitivity were based on a DSB repair defect in A-T cells, but were confronted with lack of clear evidence for such a defect, and replaced by models based on cell cycle checkpoint defects or increased apoptosis (reviewed by Meyn, 1995; Lohrer, 1996) . However, these models have been seriously questioned (Murnane and Kapp, 1993; Brown, 1997; Jeggo et al., 1998) , and several lines of evidence argue against those assumptions (reviewed by Jeggo et al., 1998; Rotman and Shiloh, 1998) : (1) Survival of A-T cells is not increased even when additional time is given for repair before entering the cell cycle; (2) The radiosensitivity and cell cycle defects of A-T are separable phenotypes and (3) No correlation was observed between radiosensitivity and increased IR-induced apoptosis of A-T cells.
Instead, it has been suggested that subtle defects in DSBs repair of A-T cells, that result in residual unrepaired breaks and higher levels of chromosomal damage, are responsible for the increased sensitivity to IR and other genotoxins (Pandita and Hittelman, 1992b; Foray et al., 1997; Brown, 1997; Bryant, 1997; Jeggo et al., 1998) . Support for this view comes from cell mutants in genes coding for proteins involved in DSB repair, which display hypersensitivity to agents that generate DSBs and are impaired in the repair of these lesions, but are not de®cient in activation of cell cycle checkpoints (reviewed by Kanaar et al., 1998) . Indeed, several studies point to a correlation in mammalian cells between increased radiosensitivity and slower rates of DSB rejoining, higher levels of residual DSBs and enhanced chromosome damage (reviewed by Bryant, 1997; Schwartz, 1998) .
The higher chromosomal damage observed in A-T cells shortly after irradation may not re¯ect a defect in repair; rather it could result from immediate conversion of DSBs into visible chromosome breaks, perhaps due to inherent alterations in chromatin structure. Indeed, a number of reports suggest that variations in radiation sensitivity are related to alterations in chromatin structure and/or dierences in DNAnuclear matrix anchor points (Pandita and Hittelman, 1995 ; reviewed by Schwartz, 1998) .
It is conceivable that, in addition to chromatin alterations and a de®ciency in DSB rejoining, other defects in the cellular responses of A-T cells to IR might contribute to their radiosensitivity, such as defective induction of NF-kB. This transcription factor has an antiapoptotic eect in response to TNF and IR (reviewed by Baichwal and Bauerle, 1997). Inhibition of NF-kB activation was shown to enhance IR-induced cell death of normal cells Yamagishi et al., 1997; Jung et al., 1998) , and introduction of a truncated IkB-a corrected the hypersensitivity to IR and streptonigrin of A-T cells (Jung et al., 1995 (Jung et al., , 1997b (Jung et al., , 1998 .
Conclusions
Dierent types of genotoxic agents invoke distinct and overlapping cellular responses, corresponding to the nature of the particular type of DNA damage. The dierent responses are mediated by speci®c molecules involved in the detection of distinct lesions, such as bulky DNA base modi®cations or DNA strand breaks.
ATM plays an important role in the regulation of multiple signaling cascades following induction of DSBs (Figure 1) . By targeting key regulators of DNA damage checkpoints, such as the p53 protein and the checkpoint kinases Chk1 and Chk2, ATM initiates pathways that delay progression through the cell cycle and reduce the rate of DNA synthesis, thereby increasing the time available for repair before damage ®xation by DNA replication and chromosome segregation. At the same time, ATM mediates the activation of several transcription factors, leading to the expression of genes involved in DNA repair and acute cellular response to stress. ATM might also exert its control on damage repair by regulating protein complexes involved in two major DSB repair pathways, homologous recombination and non-homologous end-joining.
Surveillance of genomic integrity by ATM is obtained mainly through its control of cell cycle checkpoints, while the exquisite sensitivity to ionizing radiation conferred on cells by the loss of functional ATM may result primarily from residual unrepaired damage, and impaired activation of other protective pathways.
Genotoxic stress is also implicated in oxidant injury, neurodegenerative processes and aging, all of which typify the cellular and organismal phenotypes associated with ATM-de®ciency. Elucidation of the mode of transmission of ATM-mediated responses to this type of stress might further clarify the defects underlying the various aspects of the human disorder caused by lack of ATM, ataxia-telangiectasia. 
